Abstract. The effective Neodymium cumulative fission yields for 235 U have been measured in the fast reactor PHENIX relatively to the 235 U fission cross-section. The data were derived from isotope-ratio measurements obtained in the frame of the PROFIL-1, PROFIL-2A and PROFIL-2B programs. The interpretations of the experimental programs were performed with the ERANOS code in association with the Joint Evaluated Fission and Fusion library JEFF-3.1. Nd were 5.61%, 3.70%, 2.83%, 1.64% and 0.66%, respectively. The relative uncertainties attached to each of the cumulative fission yields lie between 2.1% and 2.4%. The main source of uncertainty is due to the fluence scaling procedure (<2%). The uncertainties on the Neodymium capture cross-sections provide a contribution lower than 1%. The energy dependence of the fission yields was studied with the GEF code from the thermal energy to 20 MeV. Neutron spectrum average corrections, deduced from GEF calculations, were applied to our effective fission yields with the aim of estimating fission yields at 400 keV and 500 keV, as given in the International Evaluated Nuclear Data Files (JEFF, ENDF/B and JENDL). The neutron spectrum average correction calculated for the PROFIL results remains lower than 1.5%.
Introduction
The present work reports experimental cumulative fission yields Y c ð A NdÞ that represent the total number of atoms of A Nd produced over all time after one fission of 235 U and averaged over the fast-neutron spectrum of the PHENIX reactor. Such experimental results are needed for the computer simulation of reactors, fuel cycles and waste management [1, 2] . Values and relative uncertainties from current evaluations of interest for this work are listed in Table 1 . A good knowledge of these quantities enables estimation of the spent fuel inventories and resultant quantities such as decay heat, delayed neutron and gamma ray emissions. They are also important in understanding fuel performance, such as reactivity loss during reactor operation. Apart from burnup and safety calculation, the isotope inventories can be used to characterize a spent fuel. The percentage burnup of actinide in the fuel can be determined by analyzing the fission product inventories. One of the fission yields routinely used for reactor applications is 148 Nd. The burnup of fuel can be estimated using the stable nuclide 148 Nd, which is determined by destructive assay. The precursors of 148 Nd are all short lived and have small cross-sections and thus the cumulative yield can be used to determine the number of fissions that has taken place in the fuel.
Previous interpretations of the PROFIL-1, PROFIL-2A and PROFIL-2B integral experiments carried out in the PHENIX reactor (CEA Marcoule, France) with the ERANOS code [6, 7] in association with the evaluated nuclear data library JEFF-3.0 and JEFF-3.1 showed some significant discrepancies for the cumulative fission yields of several Neodymium isotopes for the fast fission of 235 U [8, 9] . The average calculated-to-experimental ratios C/E associated to the Neodymium produced by fission in several samples are gathered in Figure 1 . Conspicuously, there is a large drift with respect to the atomic mass number A from A = 143 to A = 150, far exceeding the claimed experimental uncertainties on fission yields, which lie in the range between 1% and 2.4%. Such a drift is not observed for the 239 Pu and 241 Pu samples.
A reanalysis of the PROFIL experiments was performed with the ERANOS code by using the nuclear data of the JEFF-3.1.1 library [5, 10] . A similar drift of the average C/E values related to the Nd isotopes measured in the 235 U samples was observed. This result confirms that the fast cumulative fission yields of the Nd isotopes recommended in the JEFF-3.1.1 library need to be revised with improved experimental values. The present work details how experimental fission yields with realistic uncertainties can be extracted from the integral trends provided by the PROFIL experiments. The originality of our data reduction and uncertainty analysis relies on the use of the Generalized Perturbation Theory [11] , implemented in the ERANOS code, and of sensitivity coefficients calculated by direct perturbations of the nuclear data and experimental correction parameters.
The effective cumulative fission yields, given for the PHENIX neutron spectrum, were derived from the C/E values with an uncertainty lying between 2.1% and 2.4%. Special care was taken in evaluating the uncertainties related to the use of a new ERANOS calculation scheme in association with an improved fluence scaling procedure, needed to normalize the experimental results to the 235 U fission cross-section. Biases caused by the Neodymium neutron capture reactions during irradiation were studied and quantified by direct perturbations of the capture crosssections of the 143 Nd, 145 Nd, 146 Nd, 148 Nd and 150 Nd isotopes. Additional calculations performed with the GEF code [12, 13] allowed accounting for the systematic behavior of the fission yields with the incident neutron energy. Final results are compared with experimental data reported in the literature and with evaluated data given at 400 keV or 500 keV in the JENDL, ENDF/B and JEFF nuclear data libraries.
Definition of the effective cumulative fission yields
A fission product is defined symbolically by the notation (A, Z, I) where A and Z are respectively the mass number and the atomic number, and I indicates the isomeric state. The ground state is denoted by I = 0 and I = 1, 2, . . . represents the 1st, 2nd, . . . isomeric states. If a fission product has no isomers, or if one is referring to the sum of yields of all its isomers, the notation (A, Z) is used. Using this terminology, we can distinguish the independent and cumulative fission yields. For a given incident neutron energy E, the independent fission yield Y post (A, Z, I, E) is the number of atoms of a specific nuclide produced directly per 100 fission reactions, after prompt neutrons evaporation but before any radioactive decay. To take into account radioactive decay, cumulative fission yield Y c (A, Z, I, E) is used. It represents the number of atoms of a specific nuclide produced directly and via decay of precursors per 100 fission reactions. The cumulative fission yields can be defined by the expression [14] :
where N is the dimension of the whole fission fragment inventory, i indicates a generic triplet (A i , Z i , I i ) and b ji (E) is the branching ratio, which gives the probability that an isomer (A j , Z j , I j ) decays into (A i , Z i , I i ).
In the present work, we report effective cumulative fission yields Y c measured in 235 U samples, which have been irradiated in the fast reactor PHENIX. in which s f (E) is the 235 U fission cross-section and '(E) stands for the fast-neutron spectrum representative of the PROFIL experiment. The maximum energy E max is set to 20 MeV.
As stable Neodymium isotopes (Z = 60) in the ground state deformation (I = 0) are considered in this work, the notation Y c (A, Z, I, E) and Y c ðA; Z; IÞ will be replaced throughout the document by the explicit notation Y c ð A Nd; EÞ and Y c ð A NdÞ.
Description of the PROFIL-1 and PROFIL-2 programs
The PROFIL programs were carried out in the fast reactor PHENIX (CEA Marcoule, France) from 1974 to 1980. They are mainly used to provide nuclear data feedbacks on neutron cross-sections ((n,g), (n,2n), (n,f)) of several fission products and actinides. A detailed study of the integral results related to the cumulated fission yields of 143 Nd, 145 Nd, 146 Nd, 148 Nd and 150 Nd for 235 U were never reported. The principle of the experimental setup is briefly described below. More information can be found in previous papers [8, 9] .
Principle of the experiments
The PROFIL experiments were designed to study the fast energy range of the neutron cross-sections, called "continuum" in Figure 2 . In the same figure, the 235 U capture and fission cross-sections are compared to the fast-neutron spectrum calculated by using the ECCO lattice code of the ERANOS system [6, 7] The principle of the experiments consists of irradiating samples containing a small amount of pure isotope in a fastneutron flux. The two experiments were carried out four decades ago during the first cycles of the 250 MWe sodiumcooled fast reactor PHENIX (CEA Marcoule, France). A simplified radial view of the core is presented in Figure 3 . The first phase (PROFIL-1) was composed of a single experimental pin loaded in a standard PHENIX assembly placed at the center of the core. The pin contained 46 separate samples. The second phase (PROFIL-2A and PROFIL-2B) was a more ambitious program with two experimental pins, labelled A and B, placed in the inner core of PHENIX. Each pin contained 42 separate samples. Figure 3 also shows the pin location in their respective fuel subassemblies. A total of 130 samples were irradiated during four cycles for PROFIL-1 and PROFIL-2 (>10 months).
Samples loaded in the PROFIL pins were cylindrical containers with an outer diameter of 5.5 mm and a height of 8 mm. An example of a stainless steel double container is shown in Figure 3 . For 235 U, a total of 6 and 7 regularly spaced samples were loaded in the PROFIL-1 and in each PROFIL-2 pins, respectively. As shown in the axial layout of the PROFIL-1 pin (Fig. 4) , the location of the 235 U samples was chosen to provide accurate information for fluence scaling issue. We were able to use the experimental results of the 6 samples loaded in the PROFIL-1 pin, while only 3 samples (of the 7 samples) were analyzed in each PROFIL-2 pins. In total, up to 12 integral trends were collected for determining the cumulative fission yield of 148 Nd and 9 integral trends for the other Neodymium isotopes. 
Isotope-ratio measurements
The experimental results used for the interpretation of the PROFIL experiments are the isotopic composition of the samples before and after the irradiation period. As indicated in Section 3.1, the time interval dt is of the order of 10 months. The variation, or equivalently the buildup, of the number of atoms provides integral information on the capture, fission and (n,2n) cross-sections.
We focus the present work on the isotopic composition of the 235 U samples before and after the irradiation time dt. At the beginning of the experiment, the 235 U samples are uranium oxide samples composed of 235 U (≃90%), 234 U (≃1%) and 236 U (>0.5%). After the irradiation period, we observe a decrease of ≃20% of the 235 U content.
The determination of the sample composition was achieved by Inductively Coupled Plasma Mass Spectrometry (ICPMS) [15] . For each sample k, mass spectrometry measurements supplied high precision isotopic ratios ðN 
In references [8, 9] , the quantities E k ij ðdtÞ are assumed to be normally distributed and independent. As a consequence, the weighted average over the samples k of the calculated-to-experimental ratios, formally defined as:
are characterized by unrealistic small relative uncertainties. In practice, correlations between the uncertainties of the different ICPMS results were not provided by the experimentalists. Mathematical solutions to calculate appropriate uncertainties were discussed in reference [16] in which the experimental uncertainty on each isotopic ratio is treated as a "statistical" contribution while the "systematic" part is driven by two fluence scaling parameters.
Fluence scaling issue
The interpretation of the PROFIL experiments is performed with the deterministic code ERANOS [6, 7] . The calculation scheme relies on several hypotheses that are used to obtain a mean neutron flux over the irradiation period dt. The dispersion of the C/E ratios, observed for the 235 U samples, suggests that such a raw treatment overestimates the magnitude of the global fluence. The origins of the observed dispersions could be due to the approximations used in the calculation scheme but also to the influence of the surrounding materials, such as the steel containers, that could locally change the neutron spectrum. The strategy for solving the inconsistency between the calculations and the experimental results consists in normalizing the results utilizing the 235 U fission cross-section. For that purpose, two free parameters were introduced in the ERANOS calculations. The first parameter was introduced to shift the axial shape of the flux and the second parameter was introduced to normalize the global fluence level. Optimal parameter values are determined by using as reference the following fission indicator:
so that the related calculated-to-experimental ratios satisfy the following constraint:
For example, in the case of the PROFIL-2A configuration, the sensitivity of this experimental ratio to the 235 U fission cross-section is close to unity (1.07), whereas the sensitivity is relatively small to the 238 U capture crosssection (0.14) and negligible to the 235;236 U capture crosssections (À0.04 and 0.01, respectively). The 235 U fission cross-section is one of the major reactions investigated within the "neutron cross-section standards" group of the International Atomic Energy Agency (IAEA) [17] . This cross-section is considered as a standard at thermal energy (25.3 meV) and from 0.15 MeV to [16] , the accuracy of the fluence scaling, due to the precisions of the 235 U fission cross-section, is close to 1.5% in average.
Integral results on Neodymium produced by fission
Integral results obtained from the interpretation of the PROFIL experiments with the ERANOS code are expressed in terms of calculated-to-experimental ratios (Eq. (4)), normalized to the 235 U fission cross-section by using the fluence scaling operations shortly explained in Section 3.3. The main sources of uncertainties discussed in the following sections are the uncertainties related to (i) the calculation scheme, (ii) the calculation of the mean value (Eq. (5)), (iii) the calculation of the axial shape of the neutron flux, (iv) the fluence scaling and (v) the Nd capture cross-sections. The C/E values obtained with the ERANOS code by using the JEFF-3.1 and JEFF-3.1.1 libraries are listed in Table 2 for each 235 U sample. The two JEFF libraries share the same Nd cumulative fission yields [5] . The main difference between the two sets of results arises from the fluence scaling. In the previous calculations, the fluence scaling parameters (Sect. 3.3) were fine-tuned by trial and error. In the present work, their values were automatically adjusted so that the theoretical ratios of equation (6) agree with the experimental values within the limit of the uncertainties [16] . No significant differences are observed between the JEFF-3.1 and JEFF-3.1.1 results. The agreement lies between 0.1% and 0.5% for the PROFIL and PROFIL-2 results, respectively. A contribution of 0.5% will be added in the final uncertainty in order to account for the possible biases due to the calculation scheme.
The average ratios ⟨C/E⟩ reported in Table 2 are displayed in Figure 5 as a function of the mass of the Neodymium isotopes. These results confirm the trends reported in the previous works (Fig. 1) . A satisfactory agreement is observed between the two PROFIL-2 pins (A and B). The discrepancies range from 0.5% (for the 145 Nd and 146 Nd buildup) to 1.3% (for the 148 Nd buildup). The main interesting result shown in Figure 5 is the sizeable difference between the PROFIL-1 and PROFIL-2 results in the case of the 150 Nd buildup. The origin of such a difference is difficult to explain with the available experimental information.
Uncertainties on the average values
A closer inspection of the integral results has shown that the average values in the PROFIL-1 experiment are slightly dependent on the C/E values reported for the 235 U sample number 19. This sample is located in the PROFIL-1 pin at z = 0 mm, which corresponds to the core midplane of the PHENIX reactor (Fig. 4) . As a complementary information, Table 3 Nd buildup in the 235 U samples of the PROFIL-1 experiment as a function of the sample position in the pin. In each case, the highest value is reached at z = 0 mm, which makes questionable the accuracy attached to the sample number 19. The average ratios ⟨C/E⟩ calculated with and without the C/E results obtained for the 235 U sample number 19 are reported in Table 2 . The differences between the two sets of average values range from 0.2% to 0.3%. In the following, the 2nd set of mean values reported in Table 2 (ignoring the sample 19 results) will be considered for the determination of the cumulative fission yields. An additional uncertainty of 0.3%, associated to this choice, will be taken into account. 4.3 Uncertainties due to the axial shape of the neutron flux A suspicious experimental trend can also be observed in Figure 6 . In each plot, there is an apparent trend, fitted to a parabolic curve as an eye guide, with axial position. Such a behavior as a function of the sample position can be seen as a systematic trend between the middle and the extremity of the PROFIL pin, which is usually associated with the capability of our calculation scheme to correctly reproduce the axial shape of the neutron flux and the edge effects far away from the core midplane. This could be an explanation why the C/E results for the sample number 19 (located in the core midplane of the PHENIX reactor) are systematically higher (see Sect. 4.2). Full 4D Monte-Carlo simulations for correcting this trend were not investigated in the present work. Instead, we introduce an additional source of uncertainty of 1% related to the axial shape of the neutron flux.
Uncertainties due to the fluence scaling
The recent work on the PROFIL programs reported in reference [16] shows that the uncertainties on the calculated isotopic ratio are dominated by the accuracy of the neutron fluence scaling close to Df/f = 1.5% on average. The corresponding uncertainty attached to the average ⟨C/E⟩ values can be estimated with a sensitivity analysis. The sensitivity S(f) of the calculated isotopic ratio to the fluence was established by direct perturbation of the 2nd scaling parameter, which normalizes the global fluence level (Sect. 3.3) . Values of S(f) are reported in Table 4 and Nd buildup in the 235 U samples of the PROFIL-1 experiment as a function of the sample position. The abscise z = 0 mm corresponds to the core midplane of the PHENIX reactor. The solid line is a parabolic curve fitted to the data acting as a eye guide. result from the difference of two ERANOS calculations. The quoted uncertainties on the Neodymium ratios are the product of the sensitivity times the uncertainty associated to the fluence scaling:
This sensitivity study demonstrates that no sizeable dependences of S(f) are observed between the different isotopic ratios. Therefore, an incorrect fluence scaling cannot explain the increasing bias with the Nd mass number shown in Figures 1 and 5. 
Uncertainties due to the Nd capture cross-sections
The final source of uncertainties investigated in this work is the contribution of the uncertainties of the Nd capture cross-sections to the calculated isotopic ratio. Figure 7 compares the Nd capture cross-section available in the JEFF-3.1.1 library with a neutron spectrum representative of the PROFIL experiments. For the capture process, the fast-energy range of interest in the neutronic calculations lies between 1 keV and 1 MeV. The sensitivity is maximum around 30 keV. This energy also corresponds to the temperature relevant for the neutron capture nucleosynthesis. Improved compilation of (n,g) reactions at kT = 30 keV has been updated in order to provide a set of recommended Maxwellian Averaged Neutron Cross Section between 1 keV and 100 keV. Two sets of Nd neutron crosssections published in 2000 and 2006, respectively are reported in Table 5 . The recommended values are similar with slightly different uncertainties. We can observe large differences with the JEFF-3.1.1 neutron capture crosssections ranging from 4% to 20%, far exceeding the uncertainties recommended in references [19, 20] . The bias of 9% and 14% calculated for the 143 Nd(n,g) and 145 Nd(n,g) reactions, respectively, are consistent with the overestimation of 13% and 19% reported in the previous PROFIL interpretations [8, 9] .
The sensitivity S(s g ) of the calculated Neodymium buildup in the 235 U samples to the Nd capture cross-sections are listed in Table 6 . They were calculated with the perturbation formalism of the ERANOS code. The mathematical framework is detailed in reference [11] . Low sensitivity coefficients are obtained because the Nd capture cross-sections in the fast-energy range remain lower than 1 barn. The negative impact of the A Nd capture cross-section on the ratio A Nd= 235 U is associated to a positive impact of similar magnitude on the ratio Aþ1 Nd 235 U. Due to published data not included for the 150 Nd(n,g) reaction at 30 keV in the Atlas of Neutron Resonances [20] , the recommendation of Bao et al. [19] were used to estimate the uncertainties reported in the last two columns of Table 6 . The uncertainties attached to the Nd capture cross-sections and the bias between the JEFF-3.1.1 library and the recommended values are treated separately as follows:
and
The present results confirm the conclusions reported in reference [22] , in which the author suggests that a global uncertainty lower than 1% could have resulted from omitting to make this correction for the Nd capture cross-sections.
Results and discussions
The experimental results provided by the PROFIL experiments are related to effective cumulated fission yields Y c ð A NdÞ, which are associated to a given neutron spectrum. Fast-reactor fission yields reported in the literature could have variations due to the neutron energy dependence of the fission yields. The GEF code [12, 13] was used to study for this energy dependence and to extract preliminary trends on cumulated fission yields Y c ð A Nd; EÞ at E = 400 keV and E = 500 keV.
Effective cumulative fission yields
The average calculated-to-experimental ratios ⟨C/E⟩ listed in Table 2 for PROFIL-1, PROFIL-2A and PROFIL-2B (calculated with JEFF-3.1.1) are reported in Table 7 together with the sources of uncertainties discussed in Table 4 . Mean sensitivity S(f) in %/% of the calculated Neodymium buildup in the 235 U samples to the fluence [18] . The relative uncertainties (DC/C) f due to the accuracy of the neutron fluence scaling (Df/f = 1.5%) is calculated with equation (8) . The uncertainty analysis, reported in Section 4, indicates that the main sources of uncertainties cannot alone explain the large drift on the calculated-to-experimental ratios with respect to the Nd mass number observed in Figures 1 and 5 . As a consequence, we can expect that the observed discrepancies between the calculated and experimental values are mainly due to the Nd cumulative fission yields used in the ERANOS calculations. This statement has been verified with a sensitivity analysis.
The sensitivity coefficients SðY c Þ of the average ratios ⟨C/E⟩ to the effective Nd fission yields were estimated by a direct perturbation analysis. Results reported in Table 7 were calculated from the difference of two ERANOS calculations. They indicate that the SðY c Þ values are of similar magnitude and close to 0.98, confirming the strong sensitivity of the calculated-to-experimental ratios to the Nd cumulative fission yields. Since the ERANOS calculations were performed by using the cumulative fission yields Y c J ð A NdÞ of the JEFF-3.1.1 library, experimental values Y c ð A NdÞ can be determined as follows:
where DY c ð A NdÞ is related to the average calculated-toexperimental ratios ⟨C/E⟩ via the relationship:
with the condition:
By introducing equations (12) and (13) in equation (11), we obtain:
In the ERANOS calculations, we have to account for that the cumulative fission yields in the JEFF-3.1.1 library are given at three incident neutron energies (25.3 meV, 400 KeV and 14 MeV). In absence of a fine description of the energy dependence of the cumulative fission yields, we always assume that:
where Y cJ ð A Nd; EÞ represents the fast-cumulative fission yield of JEFF-3.1.1, reported in the 3rd column of Table 1 . The final experimental values Y c ð A NdÞ, calculated with equation (14) , are reported in Table 7 . The obtained uncertainties were automatically calculated with the uncertainty propagation capabilities of the CONRAD code [21] by using the standard law:
in which S hY c i represents the sensitivity matrix of ⟨Y c ð A NdÞ⟩ to the average ratios ⟨C/E⟩ and D is the covariance matrix between the average ratios ⟨C/E⟩. The covariance matrix D can be separated in two parts to account for the statistical and systematic uncertainties listed in Table 7 . The covariance matrix for the statistical part is a diagonal matrix, while the covariance matrix for the systematic part contains correlations close to unity, mainly because of the fluence scaling uncertainty. Table 6 . Sensitivity S(s g ) in %/% of the calculated Neodymium buildup in the 235 U samples to the Nd capture crosssections. The last two columns report the relative uncertainties calculated with equations (9) and (10) by using the relative uncertainties ðDs g bao =s g bao Þ reported in reference [19] and ratios ðs g JEFF =s g Bao Þ given in Table 5 Table 7 . Summary of the weighted mean values ⟨C/E⟩, given in Table 2 
Comparison with experimental data
Few sets of data are reported in the literature for fastreactor conditions. The main experimental data of interest were measured in the DOUNREAY [22] , EBR-I [23] , RAPSODIE [24, 25] , EBR-II [26] and PROTE-US [27] fast reactors in the 70s. Figure 8 compares the PROFIL results with a selected set of data used in the evaluation procedure of the fission yields for the JEFF library [14] . For the 145 Nd and 146 Nd fission yields, our results agree with the data within the limit of the uncertainties. For the 148 Nd and 150 Nd fission yields, a larger spread between the data can be observed. We have focused our attention on the singular trends of the data reported for 148 Nd. In Figure 8 , the 1st values in each plot (open circle) are the experimental fission yield of Davies [22] measured in the DOUNREAY reactor (Caithness, UK). The Davies' data are systematically higher. For 148 Nd, the cumulative fission yield used in the evaluation procedure of JEFF is 0.0175 ± 0.0005. The low uncertainty of 3% has the consequence of increasing its weight on the evaluated yield value.
Robin et al. [24] also report a cumulated fission yield for 148 Nd of 0.017 with a low uncertainty of 1.8% at 2s, in which systematic uncertainties are not included. The Robin's data come from the TACO experiment performed in the fast-neutron critical mock-up reactor RAPSODIE located in the CEA of Cadarache (France). TACO provided useful technical knowledge for the design of the PROFIL programs in a power reactor. A dedicated analysis of the TACO results were performed by Koch [25] for establishing systematics of fast-cumulative fission yields. The analysis of two 235 U samples lead to a cumulated fission yield for 148 Nd of 0.01665, which is 2% lower than the Robin's value.
If realistic uncertainties are taken into account during the evaluation procedure, a cumulated fission yield for 148 Nd close to 0.0168 is expected. This value is fully consistent with the experimental result of 0.0168 ± 0.0002 reported by Maeck in 1975 [26] . Unfortunately, in 1981, Maeck et al. published revised and updated fast-reactor fission yields and indicated that these data superseded earlier values from EBR-II published in 1975 [28] , making questionable any average values that include results coming from EBR-II. The discussion of the uncertainties, proposed in this work, demonstrates the difficulty for assessing correct mean values for the evaluated nuclear data libraries.
Comparison with evaluated data at 400 keV and 500 keV
For fast-reactor applications, evaluated nuclear data libraries recommend cumulative fission yields at 400 keV (JEFF library) and 500 keV (ENDF/B and JENDL libraries). Those for 235 U are reported in Table 1 . In Figure 9 , our In the evaluated libraries, the cumulative fission yields for fast neutrons are given at 400 keV or 500 keV, while any effect of neutron energy on fission yields is accounted for during the evaluation procedure. In reference [26] , Maeck indicates that this effect can be significant for different positions in a same reactor, without providing an order of magnitude estimate of this effect for the fission yields measured in the EBR-II reactor. In the present work, the variation of fission yields with the neutron energy was investigated with the GEF code. The code is able to provide systematics for fission yields as a function of the energy for a large number of fissile systems. Preliminary results obtained for the 235 U(n,f) reaction are shown in Figure 10 . The results from GEF were normalized at the thermal energy by using the cumulative fission yields of JEFF-3.1.1. The normalization factors range from 1.08 (for 143 Nd) to 0.6 (for 150 Nd). The comparison with a fast-neutron spectrum representative of the PROFIL experiments shows the smooth variation of the fission yields in the energy range of interest for fast-reactor applications (around 400 keV and 500 keV). Fig. 9 . Comparison of the Nd cumulative fission yields obtained in this work and reported in the JEFF, JENDL and ENDF/B evaluated nuclear data libraries. The open circles represent the effective cumulative fission yields deduced from the PROFIL experiments. The black circles are the cumulative fission yields at 400 keV (for the JEFF library) and 500 keV (for the ENDF/B and JENDL libraries) also deduced from the PROFIL results, but they account for a neutron spectrum average correction calculated with the GEF code (Eq. (17)). 
In the case of the PROFIL experiments, such a neutron spectrum average correction lies between 0.5% and 1.4%. For each Nd isotope, we also observe that the obtained correction varies slowly with the neutron energy, between 400 keV and 500 keV.
The calculated corrections D ' (E) reported in Table 8 The results are reported in Figure 9 (black circle). We observe a slight reduction of the dispersion of the Nd values in the case of the comparison with the JENDL and ENDF/B fission yields. The variation of the fission yields with the neutron energy could also contribute to explain the PROFIL trends with the Nd mass number obtained with the JEFF library (Figs. 1 and 5 ). The encouraging results from the GEF code (version 1.7, 2013) are still preliminary and have to be considered with care.
Conclusion
Fast effective Neodymium cumulative fission yields with realistic uncertainties were deduced from the PROFIL experiments. Final results for 143 Nd, 145 Nd, 146 Nd, 148 Nd and 150 Nd were 0.0561, 0.0370, 0.0283, 0.0164 and 0.0066 respectively. The comparison of our effective values with the fission yields recommended in the US and Japanese libraries (ENDF/B-VII.1 and JENDL-4) confirms that the fission yields available in the JEFF-3.1.1 library need to be revised considering this new information. We also found a remaining systematic bias of 2% with the US and Japanese libraries. This bias could indicate that the cumulative fission yield for 148 Nd is overestimated in the international libraries. Such a result is difficult to confirm with the PROFIL experiments because the final uncertainty attached to each of the effective fission yields lies between 2.1% and 2.4%.
The final uncertainty includes the contribution of the fluence scaling uncertainty, which is close to 2%. This well-known source of uncertainty mainly depends on the accuracy of the 235 U(n,f) reaction. The contribution of the uncertainties on the Nd capture cross-sections was also quantified. The magnitude of such a contribution is low (<1%), confirming statements found in previous works. We also report for the first time the impact of the energy dependence of the cumulative fission yields that smoothly decrease in the fast-energy range. The GEF code was used to provide neutron spectrum average corrections ranging from 0.5% to 1.4%. According to these calculations, the neutron spectrum average correction seems to be rather small in the case of the PROFIL experiments.
The GEF calculations have provided encouraging results for future evaluation works. However, this preliminary result has to be confirmed by using an improved version of the code over the seven other fissile systems Table 8 . Results calculated with the GEF code after normalization to the thermal fission yields of JEFF-3.1.1. Columns (a) and (b) give the cumulative fission yields calculated at 400 keV and 500 keV. The column (c) contains the fission yields from GEF weighted by the uranium fission rate calculated for the 235 U samples in the PROFIL experiments. The last two columns give the neutron spectrum average correction defined as the ratios of the fission yields at 400 keV and 500 keV to the effective fission yield. 
